0820602, BCS 1441585, and EAR 1543684). We thank Z. Yan, G. Wang, R. Li, and G. Li for their assistance in the field. The phylogenetic data used in the paper are archived in the supplementary materials. Iron-60 ( 60 Fe) is a radioactive isotope in cosmic rays that serves as a clock to infer an upper limit on the time between nucleosynthesis and acceleration. We have used the ACE-CRIS instrument to collect 3.55 × 10 5 iron nuclei, with energies~195 to~500 mega-electron volts per nucleon, of which we identify 15 60 Fe nuclei. The . The detection of supernova-produced 60 Fe in cosmic rays implies that the time required for acceleration and transport to Earth does not greatly exceed the 60 Fe half-life of 2.6 million years and that the 60 Fe source distance does not greatly exceed the distance cosmic rays can diffuse over this time, ⪍1 kiloparsec. A natural place for 60 Fe origin is in nearby clusters of massive stars.
S ignature of recent nucleosynthesis
The radioactive isotope 60 Fe [which decays by b -decay with a half-life of 2.62 × 10 6 years (1)] is expected to be synthesized and ejected into space by supernovae, and thus could be present in galactic cosmic rays (GCRs) near Earth, depending upon the time elapsed since nucleosynthesis and the distance of the supernovae. 60 Fe is believed to be produced primarily in core-collapse supernovae of massive stars with mass M >~10 solar masses (M ⊙ ), which occur mostly in associations of massive stars (OB associations). It is the only primary radioactive isotope with atomic number Z ≤ 30 [with the exception of 59 Ni, for which only an upper limit is available (2)] produced with a half-life long enough to potentially survive the time interval between nucleosynthesis and detection at Earth. (Primary cosmic rays are those that are synthesized at the GCR source, as opposed to secondary cosmic rays, which are produced by nuclear interactions in the interstellar medium.) 60 Fe is difficult to measure with present-day instruments because of its expected extreme rarity, based on nucleosynthesis calculations for supernovae (3, 4) . Fe decay, clear evidence that "nucleosynthesis is ongoing in the galaxy" (6) . As expected, this emission is diffuse instead of point-like, since the 60 Fe lifetime is sufficiently long to allow it to diffuse over distances that are large compared to the size of a supernova remnant. This is one of many strong connections between g-ray astronomy and direct cosmic-ray studies (7) .
Deep-sea manganese crusts from two different locations have also been found to harbor elevated 60 Fe levels (8, 9) . Analysis of crust layers using accelerator mass spectrometry showed significant increases in the 60 Fe/Fe ratio 2.8 million years (My) ago, "compatible with deposition of supernova ejecta at a distance of a few tens of pc" (9) . The measurement was verified by an independent analysis (10), although these investigators did not find a corresponding increase in a marine-sediment sample [see (10, 11) for discussion]. We note that the manganese crust studies (8) (9) (10) Fe/Fe ratios consistent with supernova debris arriving on the Moon~2 My ago (12, 13) . These deep-sea manganese crust and lunar surface observations were compared with expectations from possible stellar sources (11) and found to be consistent with an origin in core-collapse supernovae, but inconsistent with Type Ia supernovae, which produce orders of magnitude less 60 Fe.
Cosmic-ray 60 Fe detection
The CRIS instrument was launched on ACE in 1997 and has operated continuously since that SCIENCE sciencemag.org time except for intense solar-active periods, lasting for a few days each, when large fluxes of solar energetic particles exceeded the CRIS trigger rate capability. The instrument (Fig. 1A ) uses a scintillating fiber hodoscope to determine particle trajectory and four stacks of silicon solidstate detectors to measure the energy loss (DE) and the total energy of cosmic-ray nuclei stopping in a detector stack. These measurements are used to identify particle charge, mass, and energy per nucleon (5) . Data illustrating this method are shown in Fig. 1B , where we plot the energy loss (DE) versus the residual energy of nuclei stopping within a silicon detector. The elements are clearly separated into bands, and within an element band, subbands corresponding to the element's isotopes are evident. Figure 2A is a mass histogram of the observed iron nuclei that entered the CRIS instrument through the scintillating optical fibers, penetrated the silicon detectors E1 through E3, and stopped in silicon detectors E4 through E8. These data were collected for 6142 days from 4 December 1997 to 27 September 2014. They have been selected for consistency among mass calculations using different detector combinations to reject nuclei that interacted within the instrument and other spurious events, as well as selections related to event quality (14) .
Abundance of 60 Fe
Clear peaks are seen for masses from 54 to 58 amu (atomic mass units), with the exception of 57 amu, which is a shoulder on the 56 amu distribution.
To the right of the 58 amu peak are 15 one of the detector stacks. We use the dE/dx versus residual energy technique to determine the atomic number (Z), mass (A), and energy (E), of each cosmic ray. (B) Cross-plot of the sum of scaled energy losses of cosmic rays in detectors E1, E2, and E3 on the y axis versus the scaled energy loss in E4 on the x axis for a sample of particles stopping in E4, with both energies scaled by (sec q)
, where q is the angle of incidence through the instrument. Clear "bands" are seen for each element extending from calcium through nickel. Within some of the element bands, traces for individual isotopes of that element can be seen. Co has roughly the same number of events as the 58 Fe produced by fragmentation of heavier nuclei during interstellar transport and total Fe to be 2 × 10
, from which we conclude that only~1 of the observed 60 Fe could be secondary. Thus, we have observed 13 ± 3.9 (statistical) ± 1 (systematic) = 13 ± 4.9 primary , respectively. These measured ratios need two small corrections. (i) Our data analysis eliminates particles that interact in the detector system. The cross-section for interaction of 60 Fe is slightly larger than that for 56 Fe, resulting in a correction factor of 1.009. (ii) Our analysis selects 60 Fe and 56 Fe with the same interval of depth of penetration in the detector. As a result, the energy interval for 60 Fe is smaller by a factor 0.960 than the interval for 56 Fe. Also, the 60 Fe energies per nucleon are slightly lower, although this has a very small effect because the Fe spectrum is quite flat at these energies (15) . The resulting energyinterval correction is a factor of 1.042. Taken together, these require that the ratios be multiplied by a factor 1.051 (supplementary text). Thus, the corrected ratios near Earth are , respectively (supplementary text).
Evidence of recent nucleosynthesis
Massive stars that undergo core-collapse exist primarily in localized groups called OB associations.
The stars within these associations (or major subassociations) typically form at about the same time (within~1 My), and associations have lifetimes of~30 to 40 My (16) . By that time, the stars with sufficient mass (>~10 M ⊙ ) have undergone core collapse. As the massive stars expel mass through high-velocity winds and supernova ejecta, superbubbles populated with the stellar wind material and ejecta are formed around the association (16 Fe is in the supernova ejecta, not in the wind material. We have combined these results for a range of stellar masses with the lifetimes of the progenitor stars to determine the expected 60 Fe/ 56 Fe ratio in an OB association as a function of time. In Fig. 3 , we plot the cumulative 60 Fe/ 56 Fe ratio of material injected into a superbubble as a function of time since the formation of the association at T = 0. We then derived the time that must have elapsed for this ratio to decrease to the value inferred from our cosmic-ray measurements due to the decay of the 60 Fe. Several different methods in which we compare our measured ratio with the modeling results lead us to conclude that an upper limit on the time between nucleosynthesis and acceleration is a few million years (supplementary text).
In previous work, on the basis of ACE-CRIS measurements of GCR 59 Ni and 59 Co, it was concluded that there is at least a 10 5 -year delay between nucleosynthesis and cosmic-ray acceleration (2). Putting that lower limit together with this 60 Fe observation, we obtain a mean time (T) between nucleosynthesis and acceleration of 10 5 years < T < several My. This is quite consistent with what is expected in an OB association since a typical time between supernovae is~1 My (16) . In addition, the time delay between nucleosynthesis and acceleration indicates that the nuclei synthesized in a supernova are not accelerated by that supernova, but require at least one more nearby supernova to accelerate the material, on a time scale sufficiently short so that a substantial fraction of the 60 Fe has not decayed. The natural place for two or more nearby supernovae to occur within a few million years of each other is in OB associations. Thus, our observation of 60 Fe lends support to the emerging model of cosmic-ray origin in OB associations (16, 17) .
Using the mean lifetime of 60 Fe, we can also estimate the distance to the associations contributing 60 Fe GCRs at Earth. Assuming a diffusive propagation model, cosmic rays originate within a volume with radius L = (Dgt) 1/2 surrounding the solar system, where g is the Lorentz factor and t is the effective cosmic-ray lifetime. Assuming a diffusion coefficient of D = 3. Fe. The blue dotted curve shows the ratio for nonrotating stars using yields calculated by (3) (W&H); the red-dashed and black solid curves are for nonrotating and rotating stars, respectively, using yields calculated by (4) (C&L).The black dashed line is our estimated ratio (R A ) at the acceleration source derived from our measurements. Assuming that the composition at the acceleration source is 20% massive-star material and 80% normal interstellar medium material (supplementary materials), we obtain the massive-star production ratio (R MS ) (red dashed line). The shaded areas indicate uncertainties (not including the massive-star mix fraction uncertainty). We have compared the maximum predicted ratio (age~3.4 My) with our measured ratio and estimate an upper limit to the time between nucleosynthesis and acceleration of several million years. Combining this with the previous measurement of 59 Ni (2), we conclude that the time between nucleosynthesis and acceleration is 10 5 years < T < several My.
that the time required for acceleration and transport to Earth does not greatly exceed the 60 Fe half-life of 2.62 My. Our distance from the source of this nuclide cannot greatly exceed the distance that cosmic rays can diffuse over this time scale, which is ⪍1 kpc.
Note added in proof: Additional detections of 60 Fe in deep-sea crusts in all major oceans of the world have recently been reported (21) , strengthening the conclusions reached in (9) . Also, additional detections of 60 Fe in lunar samples (22) strengthen the conclusion reached in (12, 13) .
H ydrogen bonds play key roles in the structure, function, and interaction specificity of biomolecules. There are two main challenges facing de novo design of hydrogen-bonding interactions: First, the partially covalent nature of the hydrogen bond restricts polar hydrogencontaining donors and electronegative acceptors to narrow ranges of orientation and distance, and second, nearly all polar atoms must participate in hydrogen bonds-either with other macromolecular polar atoms, or with solvent-if not, there is a considerable energetic penalty associated with stripping away water upon folding or binding (1) . The DNA double helix elegantly resolves both challenges; paired bases come together such that all buried polar atoms make hydrogen bonds that are self-contained between the two bases and have near-ideal geometry. In proteins, meeting these challenges is more complicated because backbone geometry is highly variable, and pairs of polar amino acids cannot generally interact as to fully satisfy their mutual hydrogen-bonding capabilities; hence, side-chain hydrogen bonding usually involves networks of multiple amino acids with variable geometry and composition, and there are generally very different networks at different sites within a single protein or interface preorganizing polar residues for binding and catalysis (2) (3) (4) (5) (6) .
The modular and predictable nature of DNA interaction specificity is central to molecular biology manipulations and DNA nanotechnology (7, 8) , but without parallels in nature, it has not been evident how to achieve analogous programmable specificity with proteins. There are more polar amino acids than DNA bases, each of which can adopt numerous side-chain conformations in the context of different backbones, which allows for countless network possibilities. We hypothesized that by systematically searching through these network possibilities, it could be possible to design protein interfaces specified by regular arrays of DNA-like central hydrogen-bond networks with modular specificity analogous to Watson-Crick base pairing.
We began by developing a general computational method, HBNet, to rapidly enumerate all side-chain hydrogen-bond networks possible in an input backbone structure (Fig. 1A) . Traditional protein design algorithms are not well suited for this purpose; the total system energy is generally expressed as the sum of interactions between pairs of residues for computational
